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Background—Hepatocellular carcinoma (HCC), the most common type of primary liver cancer, 
is associated with low survival. U.S. studies examining self-reported pesticide exposure in relation 
to HCC have demonstrated inconclusive results. We aimed to clarify the association between 
pesticide exposure and HCC by implementing a novel data linkage between Surveillance, 
Epidemiology, and End Results (SEER)-Medicare and California Pesticide Use Report (PUR) data 
using a geographic information system (GIS).
Methods—Controls were frequency-matched to HCC cases diagnosed between 2000 and 2009 in 
California by year, age, race, sex, and duration of residence in California. Potential confounders 
were extracted from Medicare claims. From 1974 to 2008, pounds (1 pound represents 0.45 kg) of 
applied organophosphate, organochlorine, and carbamate pesticides provided in PURs were 
aggregated to the ZIP Code level using area weighting in a GIS. ZIP Code exposure estimates 
were linked to subjects using Medicare-provided ZIP Codes to calculate pesticide exposure. 
Agricultural residents were defined as living in ZIP Codes with a majority area intersecting 
agricultural land cover according to the 1992, 2001, and 2006 National Land Cover Database 
(NLCD) rasters. Multivariable conditional logistic regression was used to estimate the association 
between pesticide exposure and HCC.
Results—Among California residents of agriculturally intensive areas, previous annual ZIP 
Code-level exposure to over 14.53 kg/km2 of organochlorine pesticides (75th percentile among 
controls) was associated with an increased risk of HCC after adjusting for liver disease and 
diabetes (adjusted odds ratio [OR] 1.87, 95% confidence interval [CI] 1.17, 2.99; p=0.0085). ZIP 
Code-level organochlorines were significantly associated with an increased risk of HCC among 
males (adjusted OR 2.76, 95% CI 1.58, 4.82; p=0.0004), but not associated with HCC among 
females (adjusted OR 0.83, 95% CI 0.35, 1.93; p=0.6600) (interaction p=0.0075).
Conclusions—This is the first epidemiologic study to use GIS-based exposure estimates to 
study pesticide exposure and HCC. Our results suggest that organochlorine pesticides are 
associated with an increase in HCC risk among males but not females.
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1. Introduction
Pesticides, an environmental exposure comprised of widely used chemicals designed to treat 
pests (e.g., insects), have been associated with adverse human health outcomes such as 
cancers (Alavanja et al., 2004; Blair et al., 2015). Pesticide use, particularly among 
herbicides, rapidly increased between 1960 and 1981 in the U.S., and has since experienced 
fluctuations in use due to changes in planted acreage, pest infestation, and Integrated Pest 
Management (e.g., crop rotation) (Fernandez-Cornejo et al., 2014). In the U.S., pesticides 
are commonly used in agriculture and horticulture and exposure occurs most frequently via 
diet (Dich et al., 1997; Ritz and Rull, 2008). Additional sources of exposure include 
occupation (e.g., pest control) and very importantly, residential proximity to agricultural 
pesticide applications. Applied pesticides can drift from their intended sites through the air 
and ground via spray drift and post-application volatilization (Rull and Ritz, 2003). 
Vulnerable populations include rural residents and farming families (Ward et al., 2000), as 
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pesticides can enter homes through drift and from clothing (Ritz and Rull, 2008). Gunier et 
al. (2011) demonstrated that residential proximity within 1,250 m of pesticide-treated crops 
in California was significantly correlated with pesticide concentrations in sampled carpet 
dust. Pesticides are less likely to degrade within homes due to the absence of moisture, 
sunlight, and microorganisms (Gunier et al., 2011; Ritz and Rull, 2008), and humans can be 
subsequently exposed via dermal contact and ingestion (Gunier et al., 2001).
Epidemiologic studies have shown that pesticide exposure may increase the risk of 
hepatocellular carcinoma (HCC). Primary liver cancer is the sixth most common cancer in 
the world and the second leading cause of cancer-related death (Ferlay et al., 2013), and 
between 70 and 85% of primary liver cancer cases are HCC (Jemal et al., 2011). U.S. HCC 
incidence, adjusted to the 2000 U.S. Standard Population, significantly increased 29% from 
4.4 per 100,000 (2000 to 2004) to 5.7 per 100,000 (2005 to 2009) (rate ratio 1.29, 95% 
confidence interval [CI] 1.27, 1.32) (National Cancer Institute, 2014a). In the U.S., HCC is 
more common among males and among individuals of Asian descent (Altekruse et al., 
2009). The mean age at diagnosis is 64 years (median 63) (National Cancer Institute, 
2014b). Many HCC cases are diagnosed at a regional or distant stage (49% between 2000 
and 2009) (National Cancer Institute, 2014b), which contributes to the low five-year 16.6% 
relative survival rate in the U.S. (National Cancer Institute, 2014c). Predominant HCC risk 
factors in most high-risk areas, such as parts of Asia, include chronic hepatitis B virus 
(HBV) infection and consumption of aflatoxin-contaminated foods (Yu and Yuan, 2004). 
Chronic hepatitis C virus (HCV) infection and heavy alcohol consumption (>50 to 70 g per 
day) are major risk factors in low-risk areas such as the U.S. Approximately 64.5% (95% CI 
63.3, 65.6) of all HCC cases occurring in the U.S. population aged 68 years and older are 
attributed to HCV, HBV, alcoholic liver disease (e.g., alcoholic cirrhosis of liver), rare 
metabolic disorders (e.g., hemochromatosis), and diabetes and/or obesity (Welzel et al., 
2013). Most of these risk factors contribute to the formation and progression of cirrhosis, or 
scarring of the liver (El-Serag, 2011). Between 70 and 90% of all HCC cases occur within 
an established background of chronic liver disease and cirrhosis (El-Serag, 2011; Sanyal et 
al., 2010). Very importantly, although HCV, HBV, and heavy alcohol consumption are the 
major risk factors for cirrhosis among HCC cases in the U.S., between 15 and 50% of all 
HCC cases have no established risk factors (Carr, 2010; El-Serag, 2007).
Pesticides are hypothesized to contribute to liver carcinogenesis through mechanisms of 
genotoxicity, tumor promotion, immunotoxicity, and hormonal action (Dich et al., 1997; 
Gomaa et al., 2008). Several case-control studies conducted in China demonstrated 
statistically significant increased risks for HCC (McGlynn et al., 2006; Persson et al., 2012; 
Zhao et al., 2011). Persson et al. (2012) showed that the highest quintile of serum 
dichlorodiphenyltrichloroethane (DDT) (≥810 ng/g fat), an organochlorine pesticide, 
compared to ≤261 ng/g fat significantly increased HCC risk after adjusting for risk factors 
including age, hepatitis B surface antigen (HBsAg), and alcohol consumption (adjusted odds 
ratio [OR] 2.96, 95% CI 1.19, 7.40). However, some studies have shown inconclusive 
results. In the U.S., three studies reported non-significant increased risks for HCC among 
those employed in farming (Austin et al., 1987; Brownson et al., 1989; Suarez et al., 1989). 
However, farming in New Jersey conferred significantly higher risk for HCC compared to 
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no employment in this occupation (adjusted OR 3.20, 95% CI 1.11, 9.21) (Stemhagen et al., 
1983).
To clarify the relationship between pesticide exposure and HCC in the U.S., we conducted a 
population-based case-control study in California, the most agriculturally productive state in 
the U.S. (U.S. Department of Agriculture, 2010). Cases and controls, in addition to claims 
used to identify comorbidities, were derived from the Surveillance, Epidemiology, and End 
Results (SEER)-Medicare database. Pesticide exposure was estimated using California 
Pesticide Use Reports (PURs). We implemented a novel data linkage between SEER-
Medicare and PUR data using Medicare-provided ZIP Codes in a geographic information 
system (GIS), calculating an ecologic metric of exposure. Individuals with the opportunity 
for exposure to agricultural pesticides were selected according to residence within ZIP 




SEER-Medicare represents a data linkage between SEER cancer data and Medicare claims 
(Engels et al., 2011). SEER is a National Cancer Institute program collecting individual 
person-level information on cancer incidence and survival from 18 population-based cancer 
registries covering 28% of the U.S. Medicare is a U.S. federal health insurance program for 
qualifying individuals ≥65 years old, covering 97% of this age group, in addition to those 
<65 years with end-stage renal disease (ESRD) or medical disability. All Medicare 
beneficiaries are entitled to Part A (hospital insurance), approximately 96% enroll in Part B 
(medical insurance), 24% enroll in Medicare Advantage or a managed care plan (e.g., health 
maintenance organization [HMO]), and 38% enroll in Part D prescription drug coverage 
(Engels et al., 2011; The Kaiser Family Foundation, 2007). Part C does not process bills 
through Medicare. The SEER-Medicare data linkage includes all SEER cancer cases also in 
the Medicare Enrollment Database. Medicare claims are linked to cases via personal 
identifiers, e.g., Social Security number. The 2012 data linkage includes SEER cases from 
1991 to 2009 and Medicare claims from 1991 to 2010. The SEER-Medicare linkage is 94% 
successful among those 65 years and older (3% of elderly do not receive Medicare and 3% 
have insufficient linkage information). SEER cancer data for the entire state of California 
has been available since 2000 (National Cancer Institute, 2015).
2.2. Case and control ascertainment
Study participants were eligible for inclusion into this study if they were of known race and 
≥66-year-old California residents with at least 13 months of continuous Parts A and B, non-
HMO coverage and at least one California ZIP Code (used for mail delivery in the U.S.) 
available by the time of diagnosis/selection. The case file only included liver cancer cases. 
Cases were defined using the following criteria: International Classification of Diseases for 
Oncology, Third Edition (ICD-O-3) topography code C22.0 (primary liver cancer) and ICD-
O-3 histology codes 8170 to 8175 (Fritz et al., 2000); diagnostic confirmation (e.g., positive 
histology) excluding clinical diagnosis only (Davila et al., 2005); sequence number 00 or 01; 
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reported to a California cancer registry; diagnosed between 2000 and 2009; and not reported 
via autopsy or death certificate only. Controls were selected from a 5% random sample of 
Medicare beneficiaries residing in SEER geographic areas. Only the liver cancer case file 
and the 5% random sample of non-cancer individuals were utilized during control selection 
(Davila et al., 2005; Welzel et al., 2011). Cases originally included in the 5% random 
sample (five percent flag) were added back into the random sample to be considered during 
control selection (Engels et al., 2011). For each year between 2000 and 2009 (the period 
during which SEER data is available for California), eligible controls who were not a case 
and alive as of July 1 of that year were enumerated. Eligible controls may have included 
cases diagnosed after July 1 in the year of selection. Cases and controls were frequency-
matched according to age, sex, race (white, black, Asian, other, Hispanic, Native American), 
and years (duration) of non-continuous California residence (using available Medicare-
provided ZIP Codes, categorized using tertiles among cases: 1–5, 6–10, ≥11). At most five 
controls were matched to cases within each stratum. Controls were sampled with 
replacement.
2.3. Pesticide exposure
The pesticide exposure time period of interest was 1974 until the year before diagnosis/
selection (the year of diagnosis/selection is between 2000 and 2009). Agricultural pesticide 
exposure was estimated at the ZIP Code level by linking California Department of Pesticide 
Regulation (CDPR) Pesticide Use Report (PUR) data with available Medicare-provided ZIP 
Codes in a GIS. PUR data include pounds of applied pesticides (1 pound represents 0.45 
kg), chemical name, date, and the specific 2.59 km2 (1 mi2) Public Land Survey System 
(PLSS) section where the pesticides were applied (California Department of Pesticide 
Regulation, 2014). Agricultural use PURs from 1974 to 2008 were checked for errors (e.g., 
duplicates). Outlier pesticide use densities (kg/km2), defined using CDPR flags (e.g., 
>22,417 kg/km2 if non-fumigant pesticide) from 1990 to 2008 and as >22,417 kg/km2 
(>112,085 kg/km2 if fumigant) or 50 times the median use density for all uses of a given 
pesticide product, crop, unit type, and record type from 1974 to 1989, were replaced with the 
statewide median use density for that pesticide in that year (Rull and Ritz, 2003). Pounds of 
active ingredient were recalculated using the PUR number of treated acres (1 acre represents 
0.004 km2).
Pesticide applications belonging to the organophosphate, organochlorine, and carbamate 
chemical classes, which have been previously associated with HCC, were extracted from 
PUR records (Supplemental Table 1) (Cordier et al., 1993; Ezzat et al., 2005; Persson et al., 
2012). For each year between 1974 and 2008, pounds were matched and summed according 
to PLSS section and divided by the section area to calculate pesticide use densities (kg/km2) 
for each PLSS section (Bell et al., 2001; Clary and Ritz, 2003; Reynolds et al., 2004; Rull 
and Ritz, 2003). PLSS sections and California TIGER/Line® ZIP Code Tabulation Areas 
(ZCTAs; used to approximate ZIP Code boundaries for all years between 1974 and 2008) 
were intersected (U.S. Census Bureau, 2000). PLSS section pesticide use densities were 
spatially aggregated (i.e., upscaled) to the ZIP Code level to calculate ZIP Code-level 
pesticide use densities using area weighting in a GIS, where section rates were weighted by 
the proportion of the ZIP Code area comprised by that section.
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Medicare-provided ZIP Codes (last billing ZIP Code in that year) were available for each 
study subject for each year from 1991 until 2009 depending on age and enrollment in 
Medicare and were used to determine residence in or outside of California. We assumed that 
each study subject’s earliest available Medicare-provided ZIP Code was their ZIP Code of 
residence back to 1974 (i.e., carried back). The majority of earliest available Medicare-
provided ZIP Codes among cases (86.4%) and controls (85.6%) included in the study were 
in California and in the TIGER/Line® ZIP Code file. The remainder of earliest available 
Medicare-provided ZIP Codes among cases and controls were missing (8.6%; 8.9%), a 
California ZIP Code not found in the TIGER/Line® ZIP Code file (1.8%; 2.1%), or not a 
California ZIP Code (3.3%; 3.4%).
The ZIP Code-level pesticide use densities (upscaled from PLSS sections) were linked to 
each study subject’s Medicare-provided ZIP Codes from 1974 to the year before diagnosis/
selection that were in California and in the TIGER/Line® ZIP Code file. In other words, 
residence outside of California was not considered in the exposure calculation. Among cases 
(n=93,849 ZIP Codes from 1974 until the year before diagnosis; includes carried back) and 
controls (n=463,700 ZIP Codes from 1974 until the year before selection) included in the 
study, 88.9% (88.3% controls) of all ZIP Codes were found in California and in the TIGER/
Line® ZIP Code file, 6.7% (6.9%) were missing, 2.9% (3.0%) were not in California, and 
1.6% (1.8%) were in California but not in the TIGER/Line® ZIP Code file. Each study 
subject’s ZIP Code pesticide use densities were summed and divided by the number of years 
of California residence (i.e., number of years with California ZIP Codes in the TIGER/
Line® ZIP Code file) to calculate an average annual pesticide use density (Ritz et al., 2009; 
Rull and Ritz, 2003; Wang et al., 2011). ZIP Codes in California and in the TIGER/Line® 
ZIP Code file associated with a 0 kg/km2 pesticide use density were included in the annual 
pesticide use density calculation.
2.4. Covariates
The following were extracted from inpatient (Part A), outpatient (Part B), and carrier (e.g., 
physician) Medicare claims: HCV (ICD-9-CM [Ninth Revision, Clinical Modification] 
codes 070.41, 070.44, 070.51, 070.54, 070.70, V02.62), HBV (070.22, 070.23, 070.32, 
070.33, V02.61), unspecified hepatitis (070.9, 070.59, 070.49, 571.4, 571.8, 571.9), diabetes 
(250), obesity (278.00, 278.01, 278.02, V77.8, 259.9), alcoholic liver disease (571.0, 571.1, 
571.2, 571.3; 571.5 or 571.6 in the presence of 303, 291, 305.0, V11.3, or V79.1), non-
specific cirrhosis (571.5 or 571.6 not in the presence of HCV, HBV, unspecified hepatitis, or 
alcoholic liver disease), rare genetic disorders (α1 antitrypsin deficiency 273.4, 
hemochromatosis 275.0, porphyria 277.1, tyrosinemia 270.2, Wilson disease 275.1), human 
immunodeficiency virus (HIV) (042, V08), and smoking (V15.82, 305.1, 989.84; ever-
smoking as there is not enough information to identify former smokers) (Davila et al., 2005; 
Welzel et al., 2013; Welzel et al., 2011). Liver disease is a three-level categorical variable 
used in statistical modeling, defined as none (no hepatitis, alcoholic liver disease, and non-
specific cirrhosis), hepatitis only (hepatitis without alcoholic liver disease and cirrhosis), and 
cirrhosis (alcoholic liver disease or non-specific cirrhosis with or without hepatitis). In the 
subgroup analysis, liver disease (yes/no) was defined as having any of the following 
conditions: hepatitis, alcoholic liver disease, or non-specific cirrhosis. Conditions were 
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considered present if there was a single Part A diagnosis or two Part B or carrier claim 
diagnoses separated by at least 30 days (Engels et al., 2011). Due to differential availability 
of claims data depending on when cases were diagnosed (claims from 1991 to 2010 if 
diagnosed before 2003; from 1998 to 2010 if diagnosed between 2003 and 2005; from 2000 
to 2010 if diagnosed between 2006 and 2007; and from 2002 to 2010 if diagnosed between 
2008 and 2009) (National Cancer Institute, 2014d), Medicare claims within the six years 
preceding diagnosis/selection were examined. Claims within one year preceding diagnosis/
selection were excluded due to potential medical detection bias (Engels et al., 2011). As 
eligible study subjects were required to have at least 13 months of continuous Parts A and B, 
non-HMO enrollment prior to diagnosis/selection, no Medicare claim diagnosis codes 
identifying a particular health condition indicated the absence of that condition (i.e., there 
were no missing variables in our study).
State buy-in, or Medicare Savings Programs where states pay for Medicare premiums, 
deductibles, and/or coinsurance due to limited income, was used as an indicator for 
socioeconomic status (Centers for Medicare & Medicaid Services, 2014; Davila et al., 
2005). State buy-in was considered present if a subject was enrolled in Parts A or B state 
buy-in at any time point beginning in the year before diagnosis/selection. The proportion of 
each ZIP Code’s ≥16-year-old population employed in the agriculture industry was provided 
by the 2000 Census Summary File 3 (U.S. Census Bureau, 2002). The Medicare-provided 
ZIP Code in or closest to 2000 was matched to Census data.
2.5. Subgroup analysis: California residents of agriculturally intensive areas
In a subgroup analysis, statistical analyses were limited to California residents of 
agriculturally intensive areas, defined as individuals with the opportunity (i.e., at risk) for 
exposure to agricultural pesticides by virtue of residing in California ZIP Codes mostly 
comprised of agricultural land cover. National Land Cover Database (NLCD) raster files 
from 1992, 2001, and 2006, a standard U.S. land cover data source derived from classified 
30 m Landsat images, were used in this study (Homer et al., 2012). California files from 
1992 were mosaicked or combined. All NLCD files were subject to a majority filter (3×3 
filter) to reduce random noise (Fuller and Brown, 1996; Stow et al., 1989). Each raster file 
was reclassified to agricultural land cover (NLCD classes 81–85) vs. all other land covers 
and combined using map algebra. The agricultural raster layer was converted to a vector 
layer and intersected with California ZIP Codes. Using the ZIP Code occurring most 
frequently (referred to as the mode ZIP Code), cases and controls residing in ZIP Codes with 
a majority area (≥50%) intersecting agricultural land cover were selected into this analysis.
2.6. Statistical analysis
Pesticide exposure was examined by combining all pesticide chemical classes 
(organophosphates, organochlorines, and carbamates) and by each class separately (Gunier 
et al., 2001; Reynolds et al., 2005). The pesticide chemical classes were highly correlated 
with each other and were thus not included as predictors in a single statistical model 
(Spearman correlation for organophosphates and organochlorines 0.90, p<0.0001; 
organophosphates and carbamates 0.92, p<0.0001; organochlorines and carbamates 0.88, 
p<0.0001). We initially used random-intercept logistic regression to explore the extent to 
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which individuals within the same ZIP Code might have similar risk for HCC. After 
incorporating a random intercept defined as the ZIP Code at diagnosis/selection and the 
mode ZIP Code, a low intraclass correlation coefficient (0.03) indicated little variability 
between clusters (ZIP Codes) and that a random intercept was not necessary. Univariable 
conditional logistic regression using robust variance estimation and stratifying by 
(conditioning on) the frequency matching factors of year, age, sex, race, and California 
residence was used to assess the association between each variable and case-control status. 
Chi-square, one-way analysis of variance (ANOVA), and Kruskal-Wallis tests were used to 
evaluate the association between each variable and pesticide exposure. Selecting variables 
that were either significantly associated with HCC or pesticide exposure (p<0.05), backward 
elimination methods (p>0.20 removed), confirmed with forward selection (p<0.20 to enter), 
were utilized to build final models. Regression diagnostics (e.g., goodness of fit, 
collinearity, linearity of the logit, outliers, influential points) were performed on final 
models. ORs and 95% CIs were estimated using the final multivariable conditional logistic 
regression models (robust variance estimation) conditioned on the frequency matching 
factors.
Models were stratified by rural/urban residence using Rural-Urban Continuum Codes 
(RUCC) codes, which define U.S. counties as metropolitan vs. non-metropolitan using 
population, worker commuting, and metropolitan adjacency information (U.S. Department 
of Agriculture, 2013). Counties were assigned the mode RUCC code using 1974, 1983, 
1993, and 2009 data; if there was no clear majority, the more urban RUCC code was 
assigned. After intersecting TIGER/Line© counties and ZIP Codes in a GIS (ZIP Code was 
matched to county comprising the majority of its area), county RUCC codes were assigned 
to each study subject according to their mode ZIP Code. RUCC codes were categorized into 
three groups: urban (RUCC codes 0–3; metropolitan areas of <250,000 to >1 million 
population), rural ≥20,000 population (4–5), and rural <20,000 population (6–9) (McCall-
Hosenfeld et al., 2014). Rural/urban residential status was assumed to be constant regardless 
of state boundaries. Interactions between pesticide exposure and each covariate and 
matching factor on the risk of HCC were examined by individually including the cross-
product term in the model and testing its significance. When a significant interaction was 
detected, separate models, stratified by the covariate or factor, were created to estimate the 
effect of pesticides on HCC risk within stratum. The effect of 10-, 15-, and 20-year lags was 
examined, where pesticide exposure occurring outside of the lag window (before diagnosis/
selection) was considered. Pesticide use densities were categorized using tertiles or the 75th 
percentile among controls (McGlynn et al., 2006; Reynolds et al., 2005; Rignell-Hydbom et 
al., 2009). All reported p-values are two-sided. Analyses were conducted in 2014 using SAS 
version 9.4 (SAS Institute, Inc., Cary, North Carolina). All spatial data were re-projected to 
the California Teale Albers (NAD83 datum; meter) coordinate system and all geospatial 
analyses were conducted in 2014 using ArcGIS (Esri, 2012).
2.7. Spatial analyses: spatial autocorrelation and the modifiable areal unit problem (MAUP)
Potential spatial autocorrelation of residuals from the final multivariable conditional logistic 
regression model (entire sample; all classes) was examined using the global Moran’s I test 
(considering the mode ZIP Code and diagnosis/selection ZIP Code). Regarding the potential 
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impact of the MAUP on study results, global Moran’s I tests of PLSS section-level pesticide 
use densities (all classes) were calculated for each year from 1974 to 2008. After 
intersecting PLSS sections with ZIP Codes, yearly within-ZIP Code PLSS section pesticide 
use density variability from 1974 to 2008 was examined using average medians and average 
interquartile ranges (IQRs) of PLSS section use densities within each ZIP Code. Using the 
mode ZIP Code, global and local spatial autocorrelation of study subject residential 
locations (proportion of study population residing within each ZIP Code overall and 
stratified by case-control status) in California was examined using global Moran’s I and 
Anselin Local Moran’s I tests.
3. Results
Among 10,408 individuals diagnosed with HCC as a first cancer in California between 2000 
and 2009 who were of known race and in the Medicare Enrollment Database, 29% were 
included in our study. Fig. 1 shows cases excluded from our study according to each 
eligibility criterion. Thirty-three percent of all considered cases were excluded due to age 
and 29% due to HMO coverage. A comparison of characteristics for included vs. excluded 
HCC cases is shown in Table 1. Excluded cases were more likely to be urban-dwelling 
younger white males of higher socioeconomic status having resided in California for a 
shorter period of time (reflecting younger age).
Table 2 presents population characteristics of the 3,034 HCC cases and 14,991 frequency-
matched controls included in our study (entire sample). Cases were on average 75.1 years 
old (median 74.0), typically males, of white race, and had resided in California for over 6 
years. By design, matching factors did not differ between cases and controls. When 
considering the time period of six years before diagnosis/selection during which claims were 
examined for health conditions, most cases (75.1%) and controls (75.1%) contributed 
between 4.1 and 6.1 years of claims to the study. As expected, a higher proportion of cases 
were ever-smokers and had previously been diagnosed with HCV, HBV, unspecified 
hepatitis, alcoholic liver disease, non-specific cirrhosis, diabetes, obesity, or rare genetic 
disorders. Cases were more likely than controls to be of low socioeconomic status, while 
controls typically resided in ZIP Codes with a slightly higher percentage of individuals aged 
16 years or older employed in agriculture.
From 1974 until the year before diagnosis/selection (exposure time period), a median of 30 
(IQR 27, 33) ZIP Codes in California and in the TIGER/Line® ZIP Code file were available 
for both cases and controls. Among cases and controls, an average of 88.9% (median 100%) 
and 88.3% (median 100%), respectively, of each study subject’s exposure time period (i.e., 
residential address history) was comprised of ZIP Codes in California and in the TIGER/
Line® ZIP Code file. Cases were more likely to reside in an urban area (Table 2). A small 
proportion of cases (n=77; 2.5%) and controls (n=420; 2.8%) were missing RUCC codes 
(rural/urban residence) due to the absence of their ZIP Codes in the TIGER/Line® file used 
to intersect with counties. Of those with non-missing RUCC codes, a small proportion of 
cases (n=81; 2.7%) and controls (n=433; 3.0%) had ZIP Codes outside of California (i.e., 
subjects with at least one California ZIP Code eligible for study inclusion but their mode 
ZIP Code was not in California). The majority of cases (n=2,710; 89.3%) and controls 
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(n=13,081; 87.3%) resided in ZIP Codes where rural/urban residence did not change over 
time.
In the unadjusted models conditioning on the frequency matching factors, there was no 
association between increasing exposure to any of the examined pesticide chemical classes 
and incidence of HCC in the entire sample or among urban residents (Table 3). However, 
increasing exposure to pesticides (all classes and organochlorines) was associated with an 
increased odds of HCC among residents of rural areas with ≥20,000 population. Risks were 
elevated, but no statistically significant associations were observed among individuals living 
in rural areas with <20,000 population.
After adjusting for liver disease, diabetes, rare genetic disorders, and state buy-in, ZIP Code-
level pesticide exposure was not associated with HCC in the entire sample or among urban 
residents (Table 3). Risks remained elevated among rural residents, however, after 
adjustment, only moderate compared to low ZIP Code-level organochlorine pesticide 
exposure remained statistically significant among individuals residing in rural areas with 
<20,000 population. Both similar and stronger associations between moderate vs. low 
organochlorine exposure and HCC were observed among rural <20,000 population residents 
when accounting for exposure lags: 10-year lag (adjusted OR 5.30, 95% CI 1.73, 16.22; 
p=0.0035); 15-year lag (adjusted OR 3.59, 95% CI 1.31, 9.86; p=0.0130); and 20-year lag 
(adjusted OR 5.83, 95% CI 2.02, 16.81; p=0.0011). There were no significant interactions 
between pesticide exposure and the other variables or the matching factors.
3.1. California residents of agriculturally intensive areas
In a subgroup analysis, 227 cases and 1,437 controls residing in the 201 California ZIP 
Codes with a majority area intersecting agricultural land cover (according to each study 
subject’s mode ZIP Code) were examined (Fig. 2). Most of the 53,322.27 km2 of 
agricultural land cover in California in 1992, 2001, and/or 2006 was present during all three 
years (28,259.35 km2; 53%). Approximately 28% of the agricultural land cover was present 
only in 2001 and 2006, likely attributable to the documented California 1987–1992 drought 
where agricultural lands lay fallow or were affected by crop failure (California Department 
of Water Resources, 1993). Among California residents of agriculturally intensive areas, 
liver disease, diabetes, rare genetic disorders, HIV, and state buy-in were more common 
among cases (Table 2). ZIP Code-level organophosphate, organochlorine, and carbamate 
exposure were univariably associated with HCC, where high vs. low exposure was 
associated with higher risk of HCC (Table 4).
Organochlorines were the only pesticide chemical class remaining significant after 
adjustment. After accounting for a 10-year exposure lag, high ZIP Code-level 
organochlorine pesticide exposure compared to low exposure was associated with a 91% 
increase in HCC risk after adjusting for liver disease and diabetes (Table 5). Among males, 
ZIP Code-level organochlorine pesticide exposure was significantly associated with an 
increased risk of HCC, where high exposure compared to low exposure was significantly 
associated with a 2-fold or greater increased risk of HCC irrespective of lag. 
Organochlorines were not significantly associated with HCC among females. Significant 
associations were also observed with no lag and 10- and 20-year lags when using the 75th 
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percentile among controls to indicate exposure (Table 5). Previous ZIP Code-level exposure 
(no lag) to ≥14.53 kg/km2 of applied organochlorine pesticides was significantly associated 
with an 87% increase in HCC risk after adjustment for liver disease and diabetes (95% CI 
1.17, 2.99). The effect of ZIP Code-level organochlorine pesticide exposure on HCC was 
significantly greater among males compared to females (interaction p=0.0075); exposure to 
≥14.53 kg/km2 of applied organochlorine pesticides was associated with HCC among males 
(adjusted OR 2.76, 95% CI 1.58, 4.82) but not among females (adjusted OR 0.83, 95% CI 
0.35, 1.93). This interaction between organochlorine pesticides and sex was also significant 
in the 10-year lag model (interaction p=0.0252), but borderline significant in the 15- 
(interaction p=0.05) and 20-year (interaction p=0.0563) lag models.
Among agricultural residents with no known risk factors for HCC (n=80 cases, n=1,143 
controls), previous ZIP Code-level organochlorine pesticide exposure was not associated 
with HCC (no lag, 75th percentile: OR 1.60, 95% CI 0.74, 3.45; p=0.2331). Sensitivity 
analyses among 187 cases and 1,259 controls entitled to Medicare due to attaining the age of 
65 years (40 cases and 178 controls originally entitled to Medicare due to disability and/or 
ESRD were excluded) demonstrated both stronger and more significant positive associations 
between ZIP Code-level organochlorine pesticide exposure and HCC (no lag, 75th 
percentile: overall adjusted OR 1.97, 95% CI 1.19, 3.26, p=0.0086; males adjusted OR 3.12, 
95% CI 1.71, 5.70, p=0.0002; females adjusted OR 0.83, 95% CI 0.35, 1.97, p=0.6694).
3.2. Spatial autocorrelation and the MAUP
No spatial autocorrelation was observed among the residuals of the final multivariable 
conditional logistic regression model (Moran’s I 0.0017 [p=0.42] using mode ZIP Code; 
Moran’s I 0.0021 [p=0.31] using diagnosis/selection ZIP Code). Regarding the MAUP, 
PLSS section pesticide use densities (kg/km2) for each year between 1974 and 2008 
exhibited statistically significant positive spatial autocorrelation. All yearly Moran’s I values 
were positive and the mean yearly Moran’s I value was 0.10 (maximum 0.26). Forty percent 
of the yearly Moran’s I values exceeded 0.10 and 89% were statistically significant 
(p<0.0001), demonstrating that PLSS sections with similar pesticide use densities were 
typically close in proximity to each other. For each year from 1974 to 2008, PLSS section 
pesticide use densities intersecting ZIP Codes exhibited minimal variation reflected in IQRs. 
In other words, ZIP Codes (via intersection) typically aggregated together similar PLSS 
section pesticide use densities as opposed to disparately different PLSS section pesticide use 
densities. For each year between 1974 and 2008, the median value of PLSS section pesticide 
use densities within each ZIP Code was on average 0.29 kg/km2, and the average 
corresponding IQR was 1.31 kg/km2 (average 75th percentile: 1.37 kg/km2; average 25th 
percentile: 0.06 kg/km2). Using the proportion of the study population residing within each 
ZIP Code (using each study subject’s mode ZIP Code), statistically significant positive 
spatial autocorrelation was observed in California (Moran’s I 0.48, p<0.0001). Comparable 
results were observed when examining ZIP Code residence among cases (Moran’s I 0.46, 
p<0.0001) and controls (Moran’s I 0.45, p<0.0001). Further exploration using Anselin Local 
Moran’s I revealed residential hot spots in the Los Angeles, San Francisco, San Jose, and 
San Diego metropolitan areas (similar results observed among cases and controls). Apart 
from these aforementioned geographic areas, a visual inspection of the distribution of case 
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vs. control ZIP Code residence across California appeared random. PLSS section pesticide 
use densities within ZIP Codes located in these four urban areas were generally 0 kg/km2, 
demonstrating little within-ZIP Code heterogeneity. Accounting for case-control residential 
locations, pesticide exposure misclassification related to the MAUP and aggregating PLSS 
section pesticide use densities to the ZIP Code level was likely nondifferential between 
cases and controls.
4. Discussion
Among California residents of agriculturally intensive areas in the SEER-Medicare 
population, previous ZIP Code-level exposure to organochlorine pesticides was associated 
with an increased risk of HCC after adjusting for liver disease and diabetes. ZIP Code-level 
organochlorines were significantly associated with an increased risk of HCC among males 
but not associated among females. Implementing exposure lags of 10 and 20 years before 
diagnosis/selection also demonstrated significant associations between organochlorines and 
HCC. Complementing the subanalysis results were results observed among rural <20,000 
population residents, where moderate compared to low organochlorine exposure increased 
HCC risk. HCC is a significant public health concern, rising in incidence and associated 
with low survival in the U.S. As HCC occurs among many individuals with no known risk 
factors (Carr, 2010; El-Serag, 2007), it is important to explore the role of other exposures 
that might contribute to liver carcinogenesis.
Several epidemiologic studies have demonstrated that pesticide exposure is significantly 
associated with an increased risk of HCC (McGlynn et al., 2006; Persson et al., 2012; Zhao 
et al., 2011). Pesticides are pervasively used chemicals in the U.S. (Alavanja et al., 2004). In 
2007, the agricultural sector accounted for approximately 80% of conventional U.S. 
pesticide usage (e.g., treating insects; 310 million kg) (EPA, 2011). The three specific 
pesticide chemical classes explored in this study have been previously associated with HCC. 
Organophosphates and carbamates are mostly insecticides, widely used in the 1980s and 90s 
after many organochlorines were banned, but have since declined in usage in favor of more 
environmentally friendly chemicals (Wells, 2011). Some highly toxic organophosphates 
(e.g., parathion) and carbamates (e.g., aldicarb) have been banned in the U.S. (EPA, 2013; 
EPA, 2014). Organochlorines are also mostly insecticides, were widely used in the 1940s to 
60s, but have largely been banned in the U.S. due to adverse health effects and 
environmental persistence (CDC, 2009; Longnecker et al., 1997). Animal models have 
demonstrated that exposure to DDT, an organochlorine pesticide banned in the U.S. in 1972, 
and its metabolite, dichlorodiphenyldichloroethylene (DDE), lead to the development of 
HCC and other liver tumors (Rossi et al., 1983; Turusov et al., 1973).
Three case-control studies conducted in China using serum DDT provide the most 
convincing evidence of an association between pesticides and HCC (McGlynn et al., 2006; 
Persson et al., 2012; Zhao et al., 2011). In particular, these studies demonstrated a link 
between HCC and DDT, which belongs to the organochlorine pesticide chemical class 
demonstrating a significant association with HCC in our study. These studies utilized 
biomonitoring to estimate pesticide exposure, considered the gold standard method of 
capturing exposure from specific chemicals via all routes of human exposure (Franklin and 
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Worgan, 2005). However, these findings may not be generalizable to the U.S. population as 
China continues to use DDT as an anti-malarial agent (Persson et al., 2012). In the U.S., the 
95th percentile of serum DDT levels was 28 ng/g fat between 1999 and 2000 and 19.5 ng/g 
fat between 2003 and 2004 (CDC, 2009), compared to the Persson et al. (2012) Chinese 
study population associated with a geometric mean of 468 ng/g fat (18 standard deviation 
[SD]) DDT among cases and 478 ng/g fat (18 SD) among controls (sera collected in 1992–
1993).
Other research examining pesticides in relation to HCC has demonstrated inconclusive 
results, ranging from significant increases to non-significant deficits in risk (Austin et al., 
1987; Badawi and Michael, 1999; Brownson et al., 1989; Cordier et al., 1993; Evans et al., 
2002; Ezzat et al., 2005; Hardell et al., 1984; Heinemann et al., 2000; Kauppinen et al., 
1992; London et al., 1995; Porru et al., 2001; Soliman et al., 2010; Stemhagen et al., 1983; 
Suarez et al., 1989). Most studies have relied on self-reported pesticide exposure and 
occupation, job-exposure matrices, occupational experts, and rural residence. Recall bias 
may have obscured or inflated study results. Accurately quantifying pesticide exposure, 
particularly when investigating their role in chronic diseases such as cancer, must consider 
historical exposures to take into account latency periods, or the time from initial exposure to 
clinical disease (Alavanja et al., 2004; Rothman et al., 2008). Specific pesticides may be 
associated with disease, which are not adequately captured with dichotomous (yes/no) 
classifications. The four case-control studies conducted in the U.S. accounted for few 
confounders (e.g., age, race, sex) during analysis and/or study design and potentially 
introduced a selection bias in using other cancer or hospital controls (Austin et al., 1987; 
Brownson et al., 1989; Stemhagen et al., 1983; Suarez et al., 1989).
We focused on the Medicare population aged 65 years and older in California, which 
represented a unique opportunity to study HCC as California is the most agriculturally 
productive state in the U.S. (U.S. Department of Agriculture, 2010) and is characterized by 
relatively high HCC incidence. California age-adjusted HCC incidence between 2000 and 
2009 is 6.3 per 100,000, 24% higher than the overall U.S. rate (National Cancer Institute, 
2014a). Furthermore, the California PUR database is the world’s most comprehensive 
pesticide reporting system, collecting agricultural pesticide use since 1974 (California 
Department of Pesticide Regulation, 2014). Prior to 1990, California farmers were only 
required to report restricted-use pesticides. As full-use reporting began in 1990, we 
confirmed that pesticide use densities across all three chemical classes were not significantly 
different between 1974 to 1989 and 1990 to 2008 (data not shown). We sought to improve 
upon the limitations of previous HCC U.S. epidemiologic studies by using population-based 
data sources providing information on HCC cases, controls representative of the same 
reference population as the cases, comorbidities as potential confounders, and pesticide 
exposure. PURs allowed for examining specific pesticides to reconstruct historical exposure, 
addressing a potential latency period. Medicare-provided ZIP Codes allowed us to link 
SEER-Medicare and PUR data in a GIS. GIS is a powerful method allowing for the overlay 
of multiple spatial data sources based on a common geographic frame of reference. 
Specifically, we were able to overlay PLSS sections, the geographic level of reporting of 
PURs, with Medicare-provided ZIP Codes to estimate pesticide exposure for each study 
subject.
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When examining the entire sample of SEER-Medicare cases and controls, ZIP Code-level 
pesticide exposure was not associated with HCC after adjustment. However, among rural 
<20,000 population residents, moderate compared to low ZIP Code-level organochlorine 
pesticide exposure was significantly associated with an increased risk of HCC after 
adjustment. Although there was a positive association between high compared to low 
exposure and HCC, the association was not statistically significant. Potential explanations 
for the absence of a significant result in the high exposure category include a small sample 
size and the use of a RUCC rurality metric to select individuals with an opportunity for 
pesticide exposure. Agricultural pesticide applications predominantly occur in rural, less 
densely populated geographic areas (Ward et al., 2000). Stratifying the analysis according to 
rural/urban residence was an attempt to examine the effect of pesticide exposure on HCC 
according to differential levels of opportunity for pesticide exposure. This was especially 
important to consider as the majority of cases (94.6%) and controls (93.8%) resided urban 
areas. However, rurality occurs on a continuum, where a geographic area defined as rural 
according to a given metric may be sparsely populated, but is associated with few 
agricultural lands and thus minimal agricultural pesticide exposure (Warren and Smalley, 
2014). Rural areas in California may include deserts (Mojave), National Forests (Shasta-
Trinity), and mountain ranges (Sierra Nevada) that may be sparsely inhabited by humans but 
do not provide favorable conditions for agriculture (National Park Service, 2015).
In an effort to identify individuals at risk for pesticide exposure with greater specificity, we 
used a geospatial method incorporating NLCD agricultural land cover information in 
California over time. The NLCD method was validated using California Department of 
Water Resources (CDWR) land use surveys (LUS’s) in 2001 and 2006 (years with 
concurrent LUS’s) (California Department of Water Resources, 2015). Using n=20 ZIP 
Codes within the Alpine, Lake, Madera, and Mono County LUS survey extents in 2001 and 
n=89 ZIP Codes within the Alameda, Del Norte, Kern, and Tulare County LUS survey 
extents in 2006, the proportion of agricultural land cover within each ZIP Code was highly 
correlated when calculated using the NLCD and LUS gold standard in 2001 (Spearman 
correlation 0.92, p<0.0001) and in 2006 (Spearman correlation 0.75, p<0.0001). Using a 
≥50% agricultural land cover cutoff relevant to our study, substantial agreement was 
observed in 2001 (kappa 0.64, p=0.0021) and excellent agreement in 2006 (kappa 0.95, 
p<0.0001). After restricting analyses to California residents of agriculturally intensive areas, 
previous ZIP Code-level exposure to organochlorine pesticides was significantly associated 
with an increased risk of HCC after adjustment. Applied organochlorines in California 
between 1974 and 2008 included endosulfan, toxaphene, and dicofol. When considering 
exposure as greater than or equal to the 75th percentile among controls, ZIP Code-level 
organochlorines were significantly associated with an increased risk of HCC when taking 
into account exposure lags of 10 and 20 years. This potentially reflects temporal trends in 
organochlorine usage, which has dramatically declined since the 1970s. Thus, exposure 
occurring in the time period of at least 20 years before diagnosis between 2000 and 2009 
may be more relevant in elevating HCC risk, as opposed to considering exposure from all 
years before diagnosis. There was evidence of an interaction between sex and ZIP Code-
level pesticide exposure, where the effect of organochlorines on HCC was more pronounced 
among males (not significant among females). This interaction has been previously 
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explored, where higher serum DDT was associated with an increased risk of HCC among 
males and a decreased risk among females, although neither were statistically significant 
(Persson et al., 2012). An antagonistic interaction between pesticides and sex is plausible 
given DDT’s estrogenic activity (Jaga, 2000), where males are characterized by lower 
endogenous estrogen levels and may be more affected by exogenous estrogenic compounds 
(Persson et al., 2012). This interaction may also be a manifestation of sex-linked biological 
differences in how chemicals are absorbed and metabolized (Arbuckle, 2006), estrogen as 
protective against HCC due to its anti-inflammatory effects (Shi et al., 2014), and related to 
the specific pesticide source of exposure (agricultural exposure) addressed in this study. As 
farming is more common among males compared to females (U.S. Census Bureau, 2013), 
this occupational exposure may differentially affect males vs. females. A lack of association 
among females may also be affected by a small subanalysis sample size.
We did not exclude individuals who were originally entitled to Medicare due to disability 
and/or ESRD. Although these individuals are not considered representative of Medicare 
beneficiaries in terms of their clinical and demographic characteristics (Davila et al., 2005; 
Warren et al., 2002), the majority of both cases (89.2%) and controls (91.8%) in our study 
were entitled to Medicare due to attaining the age of 65 years. Furthermore, individuals with 
a disability, such as chronic liver disease and conditions related alcoholism, represent those 
with risk factors who would likely develop HCC (Social Security Administration, 2014). 
Sensitivity analyses excluding those entitled not due to age demonstrated stronger positive, 
significant associations between organochlorines and HCC among agricultural residents. 
This potentially demonstrates how this subgroup of Medicare beneficiaries, due to their 
health, may have been confined to their homes, minimizing agricultural pesticide exposure, 
or living in relatively less rural areas to facilitate their healthcare access (e.g., dialysis 
centers for ESRD).
Strengths include being the first epidemiologic study using GIS to study pesticides and HCC 
by implementing a novel data linkage between SEER-Medicare cancer outcomes and health 
conditions data and PUR pesticide applications using Medicare-provided ZIP Codes. ZIP 
Codes have been previously used to study pesticides and cancer mortality in California 
(Clary and Ritz, 2003). While all previous U.S. studies examining pesticides and HCC have 
relied on self-reported exposure, we utilized all agricultural use pesticide applications of 
specific chemicals reported to the California state government by farmers and commercial 
pest control operators. Our population-based study was able to sample from all HCC cases 
reported to California cancer registries between 2000 and 2009 as part of the SEER program 
who were aged 65 years and older enrolled in Medicare. Controls were sampled from the 
same population that gave rise to the cases, using a 5% random sample of Medicare 
beneficiaries residing in SEER areas. Great care was taken to include HCC cases with the 
greatest specificity, including diagnostically confirmed first cancer cases, minimizing 
inclusion of metastatic liver cancer. Using claims from Medicare, a federal health insurance 
program servicing 97% of the ≥65-year-old population (Engels et al., 2011), important HCC 
risk factors were included in the statistical analysis to address potential confounding. We 
carried back the earliest available Medicare-provided ZIP Code to 1974 and were able to 
craft a comprehensive and historical pesticide exposure metric for all cases and controls. 
This addresses the documented 20-year latency period of some HCC risk factors 
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(Ananthakrishnan et al., 2006). Our study results are consistent with previous literature 
linking organochlorines with HCC. Although PURs began reporting pesticide use in 1974 
and DDT was banned in 1972, statistically significant positive associations were observed in 
our study between HCC and organochlorines, the pesticide chemical class to which DDT 
belongs. Pesticides within a given chemical class have similar chemical structures and 
biological mechanisms of action (Alavanja et al., 2004), therefore, other organochlorines 
may pose similar risks for liver-related outcomes. Furthermore, dicofol, an organochlorine 
pesticide applied in the U.S. during the study time period, is synthesized from and contains 
DDT as an impurity (California Department of Pesticide Regulation, 2008). Although the 
U.S. Environmental Protection Agency temporarily suspended dicofol use in 1986 until it 
could be produced with less than 0.1% DDT impurity, dicofol use in California represents 
another potential source through which humans were exposed to DDT following its ban in 
1972.
Several limitations provide opportunities for future research. Our study was not able to take 
into account other sources of pesticide exposure such as individual-level occupation, diet, 
and residential pesticide use. However, the source of exposure addressed in this study, 
residential proximity, has been used as a surrogate for pesticide exposure occurring through 
a variety of routes, including dermal contact in crop fields (Gunier et al., 2001). Pesticides 
that do not belong to the organochlorine, organophosphate, and carbamate chemical classes 
may be associated with HCC. Individuals diagnosed with cancers other than liver were not 
included in control sampling. As 16.9% (n=108,684) of cancers other than liver diagnosed 
among those 65 years and older, of known race, and reported to a California registry 
between 2000 and 2009 were prostate (National Cancer Institute, 2014b), and pesticides 
have been linked to increasing prostate cancer risk (Ritchie et al., 2003), the study results 
may have been artificially inflated. Usage of Medicare claims is associated with inherent 
limitations as only conditions diagnosed and recorded by a healthcare provider are captured. 
Claims lack sensitivity with some conditions, including HCV, which are underdiagnosed in 
the elderly population (Engels et al., 2011). However, in this sample, 10.6% of all sampled 
controls were tested for HBV and/or HCV at least one year before selection according to 
Healthcare Common Procedure Coding System codes (e.g., 87340, testing for HBsAg). 
Alcoholic liver disease was used as a proxy for alcohol consumption, which likely 
underestimated consumption in our study population and only captured relatively heavier 
alcohol consumption. The generalizability of our findings is somewhat limited given the 
median age of HCC diagnosis in the U.S. is 63 years (National Cancer Institute, 2014c) and 
sampled cases were at least 66 years old. We excluded individuals enrolled in Part C due to 
their lack of Medicare claims. Between 2000 and 2009, approximately 31.0 to 37.9% of 
Medicare beneficiaries in California enrolled in Part C (The Kaiser Family Foundation, 
2007). Approximately 98.9% of cases excluded from our study due to HMOs resided in an 
urban area. When considering all California Medicare beneficiaries enrolled in Part C 
sometime between 2000 and 2009, between 64.9 and 94.4% resided in an urban area (The 
Kaiser Family Foundation, 2007). Assuming the association between urban residence and 
Part C enrollment is nondifferential between cases and controls, excluding Part C enrollees 
may have biased results towards the null. Regarding the subanalysis, although NLCD land 
cover data outside of California could have been used to identify residents of agricultural 
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areas, a small proportion of cases (n=81; 2.7%) and controls (n=433; 3.0%) had ZIP Codes 
outside of California (i.e., mode ZIP Code was outside of California).
The major limitation of our study is exposure misclassification. By carrying back the earliest 
available Medicare-provided ZIP Code, we assumed individuals were residentially stable as 
early as their 30s and into midlife. This assumption may be conceivable given 89.6% of 
cases and 90.7% of controls had one to two ZIP Codes (using available Medicare-provided 
ZIP Codes from 1991 until year before diagnosis/selection). Furthermore, only 2% (n=72) of 
cases and 2% (n=313) of controls moved from rural to urban areas or vice versa, potentially 
demonstrating that the exposure assigned to these individuals using their carried-back ZIP 
Code is representative of what they would have experienced anyway by virtue of typically 
residing in only urban, or only rural, areas during their lifetime. Medicare-provided ZIP 
Codes represent the last available billing ZIP Code in that year, which may not reflect 
residence or intra-annual residential mobility. Pesticide exposure occurring in California ZIP 
Codes not found in the TIGER/Line® ZIP Code file or outside of California was not 
captured in the exposure calculation. However, the majority of ZIP Codes among cases 
(88.9%) and controls (88.3%) were in California and in the TIGER/Line® ZIP Code file and 
cases and controls were frequency-matched on duration of California residence (i.e., 
opportunity for pesticide exposure). Although we used the midpoint of each year to match 
controls to cases as performed in previous studies, an alternative is usage of the specific 
month and year of diagnosis. However, the impact of controls subsequently becoming cases 
after the midpoint of a year in which they were matched to a case was minimal as a very 
small proportion of controls subsequently became cases (n=21; 0.14% of controls) and n=13 
of these controls became cases after the midpoint of a given year.
ZIP Codes are coarse spatial resolution variables, ranging from 0.01 to 5,254 km2 in 
California. ZIP Codes are frequently modified and represent linear features created for the 
purposes of mail delivery (Grubesic and Matisziw, 2006). ZIP Codes in rural geographic 
areas, typically associated with relatively lower population densities compared to urban 
areas, are larger in size compared to urban ZIP Codes (Grubesic, 2008). California has 
become more urbanized over time (LaDochy et al., 2007), which would have manifested in 
many ZIP Code boundary changes, including previously rural ZIP Codes becoming smaller 
in area and urban ZIP Code boundary modifications. As the distribution of rural/urban 
residence is comparable between cases and controls and a very small and comparable 
proportion of cases and controls were tied to rural/urban migration, exposure 
misclassification due to spatiotemporal changes in ZIP Code boundaries would likely be 
nondifferential between cases and controls.
ZIP Code-level pesticide exposure metrics are ecologic, taking into account pesticide 
exposure occurring within an entire ZIP Code. As a result, exposure could have been over- 
or underestimated for any given study subject. Exposure misclassification would also 
manifest from the modifiable areal unit problem (MAUP), or observing different results 
according to how data are aggregated (O’Sullivan and Unwin, 2010). In this study, we 
aggregated PLSS section pesticide use to the ZIP Code level. ZIP Codes vary in size and 
shape across California, and different results would likely be observed if examining 
pesticide exposure at different scales (PLSS section vs. ZIP Code) and using different zones 
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(different partitioning of California at a ZIP Code-level scale). Spatial analyses exploring the 
potential impact of the MAUP demonstrated likely nondifferential exposure 
misclassification, where yearly PLSS section pesticide use densities across California 
exhibited statistically significant positive spatial autocorrelation, minimal variation of PLSS 
section use densities was observed within ZIP Codes, and case vs. control residence across 
California was overall randomly distributed. Clusters of high case and control residence 
were identified in several metropolitan areas, but PLSS section pesticide use densities within 
ZIP Codes in these areas were homogenous. The effect of exposure misclassification may 
differ if aggregating to other areal units such as census tracts. A more meaningful GIS 
pesticide exposure metric would use finer spatial resolution data, such as geocoded 
residential locations, match PUR data to CDWR LUS’s, and examine specific pesticides to 
estimate agricultural pesticide use occurring within a 500 m (radius) buffer (distance 
associated with pesticide drift and previously used in epidemiologic studies) (Rull and Ritz, 
2003).
5. Conclusions
Among California residents of agriculturally intensive areas in the SEER-Medicare 
population, previous ZIP Code-level organochlorine pesticide exposure was significantly 
associated with an increased risk of developing HCC after adjusting for liver disease and 
diabetes. Among males, organochlorines were significantly associated with an increased risk 
of HCC but not associated among females. This is the first epidemiologic study using GIS to 
study pesticide exposure and HCC. Our study highlights another potential risk factor for 
HCC in the U.S. population that should be further examined. We used Medicare-provided 
ZIP Codes to estimate pesticide exposure, which is a coarse spatial resolution variable 
subject to changes over time. Future research should explore the use of finer spatial 
resolution data, such as geocoded residences, in addition to collecting information regarding 
other sources of pesticide exposure to further elucidate the association between pesticides 
and HCC.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
Acknowledgments
The authors would like to acknowledge the University of Pittsburgh Department of Epidemiology Small Grants 
Program, the University of Pittsburgh Cancer Institute, and the National Institutes of Health (NIH) National Cancer 
Institute (NCI) T32 CA009001 training grant in cancer epidemiology. The authors would like to acknowledge the 
Multi-Resolution Land Characteristics (MRLC) consortium for providing National Land Cover Database (NLCD) 
files, the California Department of Pesticide Regulation for providing Pesticide Use Reports, the California 
Department of Water Resources for providing land use surveys, and the U.S. Census Bureau for providing TIGER/
Line© files. This study used the linked SEER-Medicare database. The interpretation and reporting of these data are 
the sole responsibility of the authors. The authors acknowledge the efforts of the Applied Research Program, NCI; 
the Office of Research, Development and Information, CMS; Information Management Services (IMS), Inc.; and 
the Surveillance, Epidemiology, and End Results (SEER) Program tumor registries in the creation of the SEER-
Medicare database. The collection of cancer incidence data used in this study was supported by the California 
Department of Public Health as part of the statewide cancer reporting program mandated by California Health and 
Safety Code Section 103885; the National Cancer Institute’s Surveillance, Epidemiology and End Results Program 
under contract HHSN261201000140C awarded to the Cancer Prevention Institute of California, contract 
HHSN261201000035C awarded to the University of Southern California, and contract HHSN261201000034C 
VoPham et al. Page 18













awarded to the Public Health Institute; and the Centers for Disease Control and Prevention’s National Program of 
Cancer Registries, under agreement # U58DP003862-01 awarded to the California Department of Public Health. 
The ideas and opinions expressed herein are those of the author(s) and endorsement by the State of California 
Department of Public Health, the National Cancer Institute, and the Centers for Disease Control and Prevention or 
their Contractors and Subcontractors is not intended nor should be inferred. The authors acknowledge the efforts of 
the Applied Research Program, NCI; the Office of Research, Development and Information, CMS; Information 
Management Services (IMS), Inc.; and the Surveillance, Epidemiology, and End Results (SEER) Program tumor 
registries in the creation of the SEER-Medicare database.
Funding sources: This study was funded by the University of Pittsburgh Department of Epidemiology Small 
Grants Program and the University of Pittsburgh Cancer Institute. Dr. VoPham is supported by the National 
Institutes of Health (NIH) National Cancer Institute (NCI) T32 CA009001 training grant in cancer epidemiology. 
The funding sources did not have any involvement in the study design; collection, analysis, and interpretation of 
data; writing of the report; nor in the decision to submit the article for publication.
References
Alavanja MC, Hoppin JA, Kamel F. Health effects of chronic pesticide exposure: cancer and 
neurotoxicity. Annu Rev Public Health. 2004; 25:155–97. http://dx.doi.org/10.1146/
annurev.publhealth.25.101802.123020. [PubMed: 15015917] 
Altekruse SF, McGlynn KA, Reichman ME. Hepatocellular carcinoma incidence, mortality, and 
survival trends in the United States from 1975 to 2005. J Clin Oncol. 2009; 27:1485–91. http://
dx.doi.org/10.1200/JCO.2008.20.7753. [PubMed: 19224838] 
Ananthakrishnan A, Gogineni V, Saeian K. Epidemiology of primary and secondary liver cancers. 
Semin Intervent Radiol. 2006; 23:47–63. http://dx.doi.org/10.1055/s-2006-939841. [PubMed: 
21326720] 
Arbuckle TE. Are there sex and gender differences in acute exposure to chemicals in the same setting? 
Environ Res. 2006; 101:195–204. http://dx.doi.org/10.1016/j.envres.2005.08.015. [PubMed: 
16233896] 
Austin H, Delzell E, Grufferman S, Levine R, Morrison AS, Stolley PD, Cole P. Case-control study of 
hepatocellular carcinoma, occupation, and chemical exposures. J Occup Med. 1987; 29:665–9. 
[PubMed: 2821204] 
Badawi AF, Michael MS. Risk factors for hepatocellular carcinoma in Egypt: the role of hepatitis-B 
viral infection and schistosomiasis. Anticancer Res. 1999; 19:4565–9. [PubMed: 10650811] 
Bell EM, Hertz-Picciotto I, Beaumont JJ. A case-control study of pesticides and fetal death due to 
congenital anomalies. Epidemiology. 2001; 12:148–56. http://dx.doi.org/
10.1097/00001648-200103000-00005. [PubMed: 11246574] 
Blair A, Ritz B, Wesseling C, Beane Freeman L. Pesticides and human health. Occup Environ Med. 
2015; 72:81–2. http://dx.doi.org/10.1136/oemed-2014-102454. [PubMed: 25540410] 
Brownson RC, Reif JS, Chang JC, Davis JR. Cancer risks among Missouri farmers. Cancer. 1989; 
64:2381–6. http://dx.doi.org/10.1002/1097-0142(19891201)64:11<2381::AID-
CNCR2820641131>3.0.CO;2-M. [PubMed: 2804930] 
California Department of Pesticide Regulation. Use Information And Air Monitoring 
Recommendations for the Pesticide Active Ingredient Dicofol. 2008. (http://www.cdpr.ca.gov/
docs/emon/pubs/tac/recomm/dicofol_final_recmd_08.pdf). Last accessed: 02.04.15
California Department of Pesticide Regulation. Pesticide Use Reporting (PUR). 2014. (http://
www.cdpr.ca.gov/docs/pur/purmain.htm). Last accessed: 01.10.14
California Department of Water Resources. California’s 1987–92 Drought. 1993. (http://
www.water.ca.gov/waterconditions/docs/2_drought-1987-92.pdf). Last accessed: 22.12.14
California Department of Water Resources. Land Use Survey Overview. 2015. (http://
www.water.ca.gov/landwateruse/lusrvymain.cfm). Last accessed: 10.08.15
Carr, BI. Hepatocellular Carcinoma: Diagnosis and Treatment. Humana Press; Philadelphia, PA: 2010. 
CDC (Centers for Disease Control and Prevention). Fourth National Report on Human Exposure to 
Environmental Chemicals. 2009 Last accessed: 01.10.14. 
VoPham et al. Page 19













Centers for Medicare & Medicaid Services. Medicare Savings Programs. 2014. (http://
www.medicare.gov/your-medicare-costs/help-paying-costs/medicare-savings-program/medicare-
savings-programs.html). Last accessed: 01.10.14
Clary T, Ritz B. Pancreatic cancer mortality and organochlorine pesticide exposure in California, 
1989–1996. Am J Ind Med. 2003; 43:306–13. http://dx.doi.org/10.1002/ajim.10188. [PubMed: 
12594778] 
Cordier S, Le TB, Verger P, Bard D, Le CD, Larouze B, Dazza MC, Hoang TQ, Abenhaim L. Viral 
infections and chemical exposures as risk factors for hepatocellular carcinoma in Vietnam. Int J 
Cancer. 1993; 55:196–201. http://dx.doi.org/10.1002/ijc.2910550205. [PubMed: 7690345] 
Davila JA, Morgan RO, Shaib Y, McGlynn KA, El-Serag HB. Diabetes increases the risk of 
hepatocellular carcinoma in the United States: a population based case control study. Gut. 2005; 
54:533–9. http://dx.doi.org/10.1136/gut.2004.052167. [PubMed: 15753540] 
Dich J, Zahm SH, Hanberg A, Adami HO. Pesticides and cancer. Cancer Causes Control. 1997; 
8:420–43. http://dx.doi.org/10.1023/A:1018413522959. [PubMed: 9498903] 
El-Serag HB. Epidemiology of hepatocellular carcinoma in USA. Hepatol Res. 2007; 37(Suppl 
2):S88–94. http://dx.doi.org/10.1111/j.1872-034X.2007.00168.x. [PubMed: 17877502] 
El-Serag HB. Hepatocellular carcinoma. N Engl J Med. 2011; 365:1118–27. http://dx.doi.org/10.1056/
NEJMra1001683. [PubMed: 21992124] 
Engels EA, Pfeiffer RM, Ricker W, Wheeler W, Parsons R, Warren JL. Use of surveillance, 
epidemiology, and end results-medicare data to conduct case-control studies of cancer among the 
US elderly. Am J Epidemiol. 2011; 174:860–70. http://dx.doi.org/10.1093/aje/kwr146. [PubMed: 
21821540] 
EPA (Environmental Protection Agency). Pesticides Industry Sales and Usage: 2006 and 2007 Market 
Estimates. 2011. (http://www.epa.gov/opp00001/pestsales/07pestsales/market_estimates2007.pdf). 
Last accessed: 01.10.14
EPA (Environmental Protection Agency). Recognition and Management of Pesticide Poisonings: 6th 
Edition. 2013. (http://www2.epa.gov/pesticide-worker-safety/recognition-and-management-
pesticide-poisonings). Last accessed: 01.10.14
EPA (Environmental Protection Agency). Pesticides: Reregistration, Agreement to Terminate All Uses 
of Aldicarb. 2014. (http://www.epa.gov/oppsrrd1/REDs/factsheets/aldicarb_fs.html). Last 
accessed: 01.10.14
Esri, ArcGIS. for Desktop: Release 10.1. Esri; Redlands, CA: 2012. 
Evans AA, Chen G, Ross EA, Shen FM, Lin WY, London WT. Eight-year follow-up of the 90,000-
person Haimen City cohort: I. Hepatocellular carcinoma mortality, risk factors, and gender 
differences. Cancer Epidemiol Biomarkers Prev. 2002; 11:369–76. [PubMed: 11927497] 
Ezzat S, Abdel-Hamid M, Eissa SA, Mokhtar N, Labib NA, El-Ghorory L, Mikhail NN, Abdel-Hamid 
A, Hifnawy T, Strickland GT, Loffredo CA. Associations of pesticides, HCV, HBV, and 
hepatocellular carcinoma in Egypt. Int J Hyg Environ Health. 2005; 208:329–39. http://dx.doi.org/
10.1016/j.ijheh.2005.04.003. [PubMed: 16217918] 
Ferlay, J.; Soerjomataram, I.; Ervik, M.; Dikshit, R.; Eser, S.; Mathers, C.; Rebelo, M.; Parkin, D.; 
Forman, D.; Bray, F. GLOBOCAN 2012 v1.0, Cancer Incidence and Mortality Worldwide: IARC 
CancerBase No. 11. 2013. [Internet]. (http://globocan.iarc.fr).Last accessed: 01.10.14
Fernandez-Cornejo J, Nehring R, Osteen C, Wechsler S, Martin A, Vialou A. Pesticide Use in U.S. 
Agriculture: 21 Selected Crops, 1960–2008. EIB-124. US Department of Agriculture Economic 
Research Service. 2014
Franklin, C.; Worgan, J. Occupational and Residential Exposure Assessment for Pesticides. Wiley; 
Hoboken, NJ: 2005. 
Fritz, A.; Percy, C.; Shanmugaratnam, K.; Sobin, L.; Parkin, DM.; Whelan, S. International 
Classification of Diseases for Oncology: ICD-O. World Health Organization; Geneva, 
Switzerland: 2000. 
Fuller R, Brown N. A CORINE map of Great Britain by automated means. Techniques for automatic 
generalization of the Land Cover Map of Great Britain. International Journal of Geographical 
Information Systems. 1996; 10:937–953. http://dx.doi.org/10.1080/02693799608902118. 
VoPham et al. Page 20













Gomaa AI, Khan SA, Toledano MB, Waked I, Taylor-Robinson SD. Hepatocellular carcinoma: 
epidemiology, risk factors and pathogenesis. World J Gastroenterol. 2008; 14:4300–8. http://
dx.doi.org/10.3748/wjg.14.4300. [PubMed: 18666317] 
Grubesic TH. Zip codes and spatial analysis: Problems and prospects. Socio-Economic Planning 
Sciences. 2008; 42:129–149. http://dx.doi.org/10.1016/j.seps.2006.09.001. 
Grubesic TH, Matisziw TC. On the use of ZIP codes and ZIP code tabulation areas (ZCTAs) for the 
spatial analysis of epidemiological data. Int J Health Geogr. 2006; 5:58. http://dx.doi.org/
10.1186/1476-072X-5-58. [PubMed: 17166283] 
Gunier RB, Harnly ME, Reynolds P, Hertz A, Von Behren J. Agricultural pesticide use in California: 
pesticide prioritization, use densities, and population distributions for a childhood cancer study. 
Environ Health Perspect. 2001; 109:1071–8. [PubMed: 11689348] 
Gunier RB, Ward MH, Airola M, Bell EM, Colt J, Nishioka M, Buffler PA, Reynolds P, Rull RP, 
Hertz A, Metayer C, Nuckols JR. Determinants of agricultural pesticide concentrations in carpet 
dust. Environ Health Perspect. 2011; 119:970–6. http://dx.doi.org/10.1289/ehp.1002532. 
[PubMed: 21330232] 
Hardell L, Bengtsson NO, Jonsson U, Eriksson S, Larsson LG. Aetiological aspects on primary liver 
cancer with special regard to alcohol, organic solvents and acute intermittent porphyria–an 
epidemiological investigation. Br J Cancer. 1984; 50:389–97. http://dx.doi.org/10.1038/bjc.
1984.188. [PubMed: 6087869] 
Heinemann K, Willich SN, Heinemann LA, DoMinh T, Mohner M, Heuchert GE. Occupational 
exposure and liver cancer in women: results of the Multicentre International Liver Tumour Study 
(MILTS). Occup Med (Lond). 2000; 50:422–9. http://dx.doi.org/10.1093/occmed/50.6.422. 
[PubMed: 10994245] 
Homer CH, Fry JA, Barnes CA. The National Land Cover Database, US Geological Survey Fact Sheet 
2012–3020. 2012 4 p. 
Jaga K. What are the implications of the interaction between DDT and estrogen receptors in the body? 
Med Hypotheses. 2000; 54:18–25. http://dx.doi.org/10.1054/mehy.1998.0811. [PubMed: 
10791702] 
Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global cancer statistics. CA Cancer J Clin. 
2011; 61:69–90. http://dx.doi.org/10.3322/caac.20107. [PubMed: 21296855] 
Kauppinen T, Riala R, Seitsamo J, Hernberg S. Primary liver cancer and occupational exposure. Scand 
J Work Environ Health. 1992; 18:18–25. http://dx.doi.org/10.5271/sjweh.1616. [PubMed: 
1313183] 
LaDochy S, Medina R, Patzert W. Recent California climate variability: spatial and temporal patterns 
in temperature trends. Climate Research. 2007; 33:159–169. http://dx.doi.org/10.3354/cr033159. 
London WT, Evans AA, McGlynn K, Buetow K, An P, Gao L, Lustbader E, Ross E, Chen G, Shen F. 
Viral, host and environmental risk factors for hepatocellular carcinoma: a prospective study in 
Haimen City, China. Intervirology. 1995; 38:155–61. [PubMed: 8682610] 
Longnecker MP, Rogan WJ, Lucier G. The human health effects of DDT 
(dichlorodiphenyltrichloroethane) and PCBS (polychlorinated biphenyls) and an overview of 
organochlorines in public health. Annu Rev Public Health. 1997; 18:211–44. http://dx.doi.org/
10.1146/annurev.publhealth.18.1.211. [PubMed: 9143718] 
McCall-Hosenfeld JS, Mukherjee S, Lehman EB. The Prevalence and Correlates of Lifetime 
Psychiatric Disorders and Trauma Exposures in Urban and Rural Settings: Results from the 
National Comorbidity Survey Replication (NCS-R). PloS one. 2014; 9:e112416. http://dx.doi.org/
10.1371/journal.pone.0112416. [PubMed: 25380277] 
McGlynn KA, Abnet CC, Zhang M, Sun XD, Fan JH, O’Brien TR, Wei WQ, Ortiz-Conde BA, 
Dawsey SM, Weber JP, Taylor PR, Katki H, Mark SD, Qiao YL. Serum concentrations of 1,1,1-
trichloro-2,2-bis(p-chlorophenyl)ethane (DDT) and 1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene 
(DDE) and risk of primary liver cancer. J Natl Cancer Inst. 2006; 98:1005–10. http://dx.doi.org/
10.1093/jnci/djj266. [PubMed: 16849683] 
National Cancer Institute. Surveillance, Epidemiology, and End Results (SEER) Program 
(www.seer.cancer.gov) SEER*Stat Database: Incidence - SEER 18 Regs Research Data + 
Hurricane Katrina Impacted Louisiana Cases, Nov 2013 Sub (2000–2011) <Katrina/Rita 
VoPham et al. Page 21













Population Adjustment> - Linked To County Attributes - Total US., 1969–2012 Counties. 
National Cancer Institute, DCCPS Surveillance Research Program, Surveillance Systems Branch; 
2014a. released April 2014 (updated 5/7/2014), based on the November 2013 submission
National Cancer Institute. Surveillance, Epidemiology, and End Results (SEER) Program 
(www.seer.cancer.gov) SEER*Stat Database: Incidence - SEER 18 Regs Research Data + 
Hurricane Katrina Impacted Louisiana Cases, Nov 2013 Sub (1973–2011 varying) - Linked To 
County Attributes - Total US., 1969–2012 Counties. National Cancer Institute, DCCPS, 
Surveillance Research Program, Surveillance Systems Branch; 2014b. released April 2014 
(updated 5/7/2014), based on the November 2013 submission
National Cancer Institute. SEER Stat Fact Sheets: Liver and Intrahepatic Bile Duct Cancer. 2014c. 
(http://seer.cancer.gov/statfacts/html/livibd.html). Last accessed: 01.10.14
National Cancer Institute. SEER-Medicare Linked Database. 2014d. (http://
appliedresearch.cancer.gov/seermedicare/). Last accessed: 05.01.15
National Cancer Institute. Surveillance, Epidemiology, and End Results Program. 2015. (http://
seer.cancer.gov/). Last accessed: 05.01.15
National Park Service. California Parks. 2015. (http://www.nps.gov/state/ca/index.htm). Last accessed: 
05.01.15
O’Sullivan, D.; Unwin, D. Geographic Information Analysis. John Wiley & Sons, Inc; Hoboken, New 
Jersey: 2010. 
Persson EC, Graubard BI, Evans AA, London WT, Weber JP, Leblanc A, Chen G, Lin W, McGlynn 
KA. Dichlorodiphenyltrichloroethane and risk of hepatocellular carcinoma. Int J Cancer. 2012; 
131:2078–84. http://dx.doi.org/10.1002/ijc.27459. [PubMed: 22290210] 
Porru S, Placidi D, Carta A, Gelatti U, Ribero ML, Tagger A, Boffetta P, Donato F. Primary liver 
cancer and occupation in men: a case-control study in a high-incidence area in Northern Italy. Int J 
Cancer. 2001; 94:878–83. http://dx.doi.org/10.1002/ijc.1538. [PubMed: 11745492] 
Reynolds P, Hurley SE, Goldberg DE, Yerabati S, Gunier RB, Hertz A, Anton-Culver H, Bernstein L, 
Deapen D, Horn-Ross PL. Residential proximity to agricultural pesticide use and incidence of 
breast cancer in the California Teachers Study cohort. Environmental research. 2004; 96:206–218. 
http://dx.doi.org/10.1016/j.envres.2004.03.001. [PubMed: 15325881] 
Reynolds P, Von Behren J, Gunier RB, Goldberg DE, Harnly M, Hertz A. Agricultural pesticide use 
and childhood cancer in California. Epidemiology. 2005; 16:93–100. http://dx.doi.org/
10.1097/01.ede.0000147119.32704.5c. [PubMed: 15613951] 
Rignell-Hydbom A, Lidfeldt J, Kiviranta H, Rantakokko P, Samsioe G, Agardh CD, Rylander L. 
Exposure to p,p’-DDE: a risk factor for type 2 diabetes. PloS one. 2009; 4:e7503. http://dx.doi.org/
10.1371/journal.pone.0007503. [PubMed: 19838294] 
Ritchie JM, Vial SL, Fuortes LJ, Guo H, Reedy VE, Smith EM. Organochlorines and risk of prostate 
cancer. Journal of occupational and environmental medicine/American College of Occupational 
and Environmental Medicine. 2003; 45:692–702. http://dx.doi.org/10.1097/01.jom.
0000071510.96740.0b. [PubMed: 12855910] 
Ritz B, Rull RP. Assessment of environmental exposures from agricultural pesticides in childhood 
leukaemia studies: challenges and opportunities. Radiat Prot Dosimetry. 2008; 132:148–55. http://
dx.doi.org/10.1093/rpd/ncn268. [PubMed: 18930927] 
Ritz BR, Manthripragada AD, Costello S, Lincoln SJ, Farrer MJ, Cockburn M, Bronstein J. Dopamine 
transporter genetic variants and pesticides in Parkinson’s disease. Environ Health Perspect. 2009; 
117:964–9. http://dx.doi.org/10.1289/ehp.0800277. [PubMed: 19590691] 
Rossi L, Barbieri O, Sanguineti M, Cabral JR, Bruzzi P, Santi L. Carcinogenicity study with technical-
grade dichlorodiphenyltrichloroethane and 1,1-dichloro-2,2-bis(p-chlorophenyl)ethylene in 
hamsters. Cancer Res. 1983; 43:776–81. [PubMed: 6848191] 
Rothman, KJ.; Greenland, S.; Lash, TL. Modern Epidemiology. Lippincott Williams & Wilkins; 
Philadelphia, PA: 2008. 
Rull RP, Ritz B. Historical pesticide exposure in California using pesticide use reports and land-use 
surveys: an assessment of misclassification error and bias. Environ Health Perspect. 2003; 
111:1582–9. [PubMed: 14527836] 
VoPham et al. Page 22













Sanyal AJ, Yoon SK, Lencioni R. The etiology of hepatocellular carcinoma and consequences for 
treatment. Oncologist. 2010; 15(Suppl 4):14–22. http://dx.doi.org/10.1634/theoncologist.2010-
S4-14. [PubMed: 21115577] 
Shi L, Feng Y, Lin H, Ma R, Cai X. Role of estrogen in hepatocellular carcinoma: is inflammation the 
key? J Transl Med. 2014; 12:93. http://dx.doi.org/10.1186/1479-5876-12-93. [PubMed: 24708807] 
Social Security Administration. Disability Evaluation Under Social Security. 2014. (http://
www.ssa.gov/disability/professionals/bluebook/). Last accessed: 30.11.14
Soliman AS, Hung CW, Tsodikov A, Seifeldin IA, Ramadan M, Al-Gamal D, Schiefelbein EL, 
Thummalapally P, Dey S, Ismail K. Epidemiologic risk factors of hepatocellular carcinoma in a 
rural region of Egypt. Hepatol Int. 2010; 4:681–90. http://dx.doi.org/10.1007/s12072-010-9187-1. 
[PubMed: 21286338] 
Stemhagen A, Slade J, Altman R, Bill J. Occupational risk factors and liver cancer. A retrospective 
case-control study of primary liver cancer in New Jersey. Am J Epidemiol. 1983; 117:443–54. 
[PubMed: 6837558] 
Stow D, Burns B, Hope A. Mapping Arctic tundra vegetation types using digital SPOT/HRV-XS data 
A preliminary assessment. International Journal of Remote Sensing. 1989; 10:1451–1457. http://
dx.doi.org/10.1080/01431168908903981. 
Suarez L, Weiss NS, Martin J. Primary liver cancer death and occupation in Texas. Am J Ind Med. 
1989; 15:167–75. http://dx.doi.org/10.1002/ajim.4700150205. [PubMed: 2729281] 
The Kaiser Family Foundation. Medicare Prescription Drug Plans: Stand Alone PDP Enrollment. 
2007. State Health Facts, Data Source: Medicare Enrollment Reports, MA State/County 
Penetration Files. Last accessed: 28.10.14
Turusov VS, Day NE, Tomatis L, Gati E, Charles RT. Tumors in CF-1 mice exposed for six 
consecutive generations to DDT. J Natl Cancer Inst. 1973; 51:983–97. http://dx.doi.org/10.1093/
jnci/51.3.983. [PubMed: 4355226] 
U.S. Census Bureau. Census 2000 TIGER/Line® Files [machine-readable data files]/prepared by the 
US Census Bureau-Washington, DC. 2000
U.S. Census Bureau. Census 2000 Summary File 3—[California]/prepared by US Census Bureau. 
2002
U.S. Census Bureau. American Community Survey, 2013 American Community Survey 1-Year 
Estimates, Table B24010; generated by T VoPham; using American FactFinder. 2013. (http://
factfinder2.census.gov). Last accessed: 01.02.15
U.S. Department of Agriculture. Agricultural Productivity in the US. 2010. (http://www.ers.usda.gov/
data-products/agricultural-productivity-in-the-us.aspx). Last accessed: 01.10.14
U.S. Department of Agriculture; Rural-Urban Continuum Codes. 2013. (http://www.ers.usda.gov/data-
products/rural-urban-continuum-codes.aspx). Last accessed: 22.12.14
Wang A, Costello S, Cockburn M, Zhang X, Bronstein J, Ritz B. Parkinson’s disease risk from 
ambient exposure to pesticides. European journal of epidemiology. 2011; 26:547–55. http://
dx.doi.org/10.1007/s10654-011-9574-5. [PubMed: 21505849] 
Ward MH, Nuckols JR, Weigel SJ, Maxwell SK, Cantor KP, Miller RS. Identifying populations 
potentially exposed to agricultural pesticides using remote sensing and a Geographic Information 
System. Environ Health Perspect. 2000; 108:5–12. [PubMed: 10622770] 
Warren, J.; Smalley, KB. Rural Public Health: Best Practices and Preventive Models. Springer 
Publishing Company; 2014. 
Warren JL, Klabunde CN, Schrag D, Bach PB, Riley GF. Overview of the SEER-Medicare data: 
content, research applications, and generalizability to the United States elderly population. 
Medical care. 2002; 40 IV-3-IV-18. 
Wells J. Pesticide Use Trends in California Agriculture. Environmental Solutions Group. 2011
Welzel, TM.; Graubard, BI.; Quraishi, S.; Zeuzem, S.; Davila, JA.; El-Serag, HB.; McGlynn, KA. 
Population-Attributable Fractions of Risk Factors for Hepatocellular Carcinoma in the United 
States. Am J Gastroenterol. 2013. http://dx.doi.org/10.1038/ajg.2013.160.
Welzel TM, Graubard BI, Zeuzem S, El-Serag HB, Davila JA, McGlynn KA. Metabolic syndrome 
increases the risk of primary liver cancer in the United States: a study in the SEER-Medicare 
VoPham et al. Page 23













database. Hepatology. 2011; 54:463–71. http://dx.doi.org/10.1002/hep.24397. [PubMed: 
21538440] 
Yu MC, Yuan JM. Environmental factors and risk for hepatocellular carcinoma. Gastroenterology. 
2004; 127:S72–8. http://dx.doi.org/10.1016/j.gastro.2004.09.018. [PubMed: 15508106] 
Zhao B, Shen H, Liu F, Liu S, Niu J, Guo F, Sun X. Exposure to organochlorine pesticides is an 
independent risk factor of hepatocellular carcinoma: A case–control study. Journal of Exposure 
Science and Environmental Epidemiology. 2011; 22:541–548. http://dx.doi.org/10.1038/jes.
2011.29. [PubMed: 21915153] 
VoPham et al. Page 24














SEER-Medicare and Pesticide Use Report data were linked using ZIP Codes in a 
GIS.
This epidemiologic case-control study focused on California, United States.
Remote sensing land cover data identified populations at risk for pesticide exposure.
ZIP Code-level organochlorine pesticide exposure significantly elevated HCC risk.
ZIP Code organochlorines increased risk among males (no association among 
females).
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Eligibility criteria applied to first cancer hepatocellular carcinoma cases in California 
diagnosed from 2000 to 2009 using SEER-Medicare.
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Fig. 2. National Land Cover Database (NLCD) agricultural land cover in California in 1992, 
2001, and 2006
ZIP Codes with a majority area intersecting agricultural land cover in any year (right) were 
used to select SEER-Medicare cases and controls with an opportunity for pesticide exposure 
examined in the subgroup analysis (California residents of agriculturally intensive areas).
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Table 1






Age in years: mean (SD) 75.1 (6.3) 66.1 (11.0) <0.0001
Year  0.5364
 2000–2002 749 (24.7) 1,758 (23.8)
 2003–2005 885 (29.2) 2,132 (28.9)
 2006–2009 1,400 (46.1) 3,484 (47.3)
Sex <0.0001
 Male 1,915 (63.1) 5,407 (73.3)
 Female 1,119 (36.9) 1,967 (26.7)
Race <0.0001
 White 1,548 (51.0) 4,178 (56.7)
 Black 152 (5.0) 529 (7.2)
 Other 265 (8.7) 789 (10.7)
 Asian 793 (26.1) 1,185 (16.1)
 Hispanic 256 (8.4) 642 (8.7)
 Native American 20 (0.7) 51 (0.7)
California residence <0.0001
 1–5 years 838 (27.6) 4,164 (56.5)
 6–10 years 1,077 (35.5) 1,611 (21.9)
 ≥11 years 1,119 (36.9) 1,599 (21.7)
State buy-in (low socioeconomic status) 1,586 (52.3) 2,149 (29.1) <0.0001
Rural/urban residenced <0.0001
 Urban 2,796 (94.6) 5,991 (96.5)
 Rural ≥20,000 pop 86 (2.9) 104 (1.7)
 Rural <20,000 pop 75 (2.5) 113 (1.8)
Abbreviations: pop, population; SD, standard deviation.
a
The source population of SEER-Medicare cases included all individuals diagnosed with hepatocellular carcinoma (ICD-O-3 C22.0 and 
8170-8175) as a first cancer between 2000 and 2009 reported to a California registry, not of unknown race, and in the Medicare Enrollment 
Database (requirement to be included in SEER-Medicare data linkage).
b
Cases were excluded from the study due to lack of diagnostic confirmation, being reported on death certificate or autopsy only, <66 years old at 
diagnosis, not having ≥13 months of continuous Parts A and B, non-HMO enrollment before diagnosis, or no available California Medicare ZIP 
Codes by diagnosis.
c
Two-sided p-values from two-sample t-tests for continuous variables and from chi-square tests for categorical variables are presented. Statistically 
significant results (p<0.05) are bold.
d
Some cases are missing rural/urban residence due to the absence of their ZIP Code in the TIGER/Line® ZIP Code file used to intersect with 
counties. Some excluded cases are missing rural/urban residence due to lacking California ZIP Codes.
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Table 4
California residents of agriculturally intensive areas: unadjusted odds ratios and 95% confidence intervals for 
pesticide exposure and hepatocellular carcinoma using Pesticide Use Reports and SEER-Medicare in 
California, 2000–2009.




n (%) Unadjusted OR (95% CI)b p-valueb
All classes 0.3656
 Low: ≤59.38 71 (31.3) 474 (33.0) –
 Mod: 59.38–104.76 73 (32.2) 474 (33.0) 0.98 (0.65, 1.48) 0.9152
 High: ≥104.76 83 (36.6) 489 (34.0) 1.43 (0.95, 2.14) 0.0859
Organophosphates 0.1447
 Low: ≤29.59 72 (31.7) 475 (33.1) –
 Mod: 29.59-57.43 72 (31.7) 475 (33.1) 1.11 (0.74, 1.66) 0.6231
 High: ≥57.43 83 (36.6) 487 (33.9) 1.53 (1.02, 2.29) 0.0392
Organochlorines 0.0033
 Low: ≤3.68 61 (26.9) 474 (33.0) –
 Mod: 3.68-10.38 75 (33.0) 475 (33.1) 1.47 (0.95, 2.56) 0.0833
 High: ≥10.38 91 (40.1) 488 (34.0) 2.21 (1.42, 3.45) 0.0005
Carbamates 0.0494
 Low: ≤15.05 67 (29.5) 474 (33.0) –
 Mod: 15.05-32.98 71 (31.3) 475 (33.1) 1.29 (0.84, 1.96) 0.2442
 High: ≥32.98 89 (39.2) 488 (34.0) 1.63 (1.08, 2.47) 0.0204
Abbreviations: CI, confidence interval; mod, moderate; OR, odds ratio.
a
Pesticide use densities were categorized using tertiles among controls.
b
ORs, 95% CIs, and two-sided p-values were estimated using univariable conditional logistic regression models (robust variance estimation) 
conditioning on the matching factors. Statistically significant results (p<0.05) are bold.
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